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scription  preinitiation  complexes  are 
present  in ES cells. They hypothesize 
that different components of  the pro-
teasome play distinct  roles  in  the  two 
complexes. According  to  their model, 
one  of  these  initiation  complexes  is 
specifically recruited to regions of early 
transcriptional  competence,  where 
it  promotes  the  recruitment  of  RNA 
polymerase  II.  This  complex  is  asso-
ciated  with  Rpn12,  a  proteasome  lid 
protein, and Rpt3, which may act as a 
chaperone to form and maintain these 
complexes.  The  authors  suggest  that 
in  ES  cells  there  is  a  second  type  of 
preinitiation complex, which forms non-
specifically in intergenic regions, most 
likely due to the open chromatin envi-
ronment in these regions. In contrast to 
the previous complex, the formation of 
this complex results in the recruitment 
of the entire active proteasome, which 
subsequently  removes  nonspecific 
preinitiation complexes from chromatin 
by protein degradation.
How  does  this model  fit  into what 
we currently know about pluripotency 
and ES cells? Clearly, the ES cell chro-
matin environment appears to be very 
permissive  for  gene  transcription. 
This  status  is  maintained  by  numer-
ous  means,  including  hyperdynamic 
chromatin  (Meshorer  et  al.,  2006), 
bivalent  chromatin  marks  (Boyer  et 
al.,  2005),  and Polycomb group pro-
teins  that  suppress  transcription  at 
specific sites (Boyer et al., 2006; Lee 
et al., 2006). An important question is 
whether  the  existence  of  open  chro-
matin that is controlled makes biologi-
cal sense if one assumes that ES cells 
are an in vitro equivalent of cells within 
the  inner cell mass of  the preimplan-
tation  embryo?  The  authors  suggest 
that the proteasome helps to maintain 
open  chromatin  at  specific  sites  and 
simultaneously  reduces  the  noise  of 
gene transcription by actively destroy-
ing aberrant transcription preinitiation 
complexes  from  nonspecific  sites. 
However,  the developing embryo has 
no inherent reason to maintain pluripo-
tent stem cells for more than a few cell 
divisions.  As  a  consequence,  some 
of  the  special  chromatin  features  of 
ES cells, including those involving the 
proteasome, may be  relevant only  to 
cells  that  are  undergoing  continuous 
self-renewal in the petri dish. However, 
if this were true, it would be surprising 
that stable ES cell lines can exist at all. 
Why should such sophisticated mech-
anisms exist to maintain pluripotency? 
Perhaps  ES  cells  are  derived  from 
cells  within  the  embryo  that  are  not 
directly  geared  toward  differentiation 
but  rather  maintain  open  chromatin 
for a longer period of time than other 
cells of  the  inner cell mass, and only 
during derivation of ES cells in vitro do 
they  acquire  the  seemingly  endless 
capacity  for  self-renewal  (Zwaka and 
Thomson,  2005).  These  unusual  and 
unexpected findings show that we are 
still  far  from  understanding  what  ES 
cells are.
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The dynamics of the microtubule cytoskeleton are controlled by microtubule-associated 
proteins (MAPs). In this issue, Sandblad et al. (2006) show that Mal3p, the yeast EB1 homolog, 
belongs to a new class of MAPs that “zipper” up the seam of the microtubule lattice.When  cells  need  to  change  their 
shape,  microtubules—dynamic  pol-
ymers  that  are  part  of  the  cellular 1302  Cell 127, December 29, 2006 ©200cytoskeleton—polymerize and depo-
lymerize to push against the plasma 
membrane from the inside of the cell. 6 Elsevier Inc.This polymerization and depolymeri-
zation has to be precisely controlled 
and such  regulation  influences spe-
cific  cellular  processes  such 
as  the  extension  of  growth 
cones in neurons. For precise 
control of microtubule dynam-
ics, cells use a number of dif-
ferent microtubule-associated 
proteins  called  MAPs.  Many 
classical  MAPs  were  exten-
sively  characterized  during 
the  late  1980s,  and  most  of 
them recognize the outer sur-
face  of  the  cylindrical micro-
tubule wall.
In  contrast  to  classical 
MAPs,  more  recent  studies 
have uncovered a new class 
of  MAPs  called  the  +TIPs 
(Plus-end Tracking Proteins), which 
accumulate  at  the  plus  ends  of 
microtubules. One of the prototypi-
cal  +TIPs,  EB1,  was  first  isolated 
in a screen for proteins  interacting 
with  the  adenomatous  polyposis 
coli  protein  (APC),  an  important 
tumor  suppressor  in  the  colon 
(Su  et  al.,  1995).  The  contribution 
of  EB1  to  the  tumor-suppressing 
activity  of  APC  is  still  unclear,  yet 
EB1  has  received  much  attention 
for  its  ability  to  “track”  the  plus 
ends  of  microtubules.  By  doing 
this,  EB1  is  thought  to  form  part 
of  a  scaffold  used  to  recruit  other 
proteins  to  the  growing  plus  ends 
of  microtubules  (Lansbergen  and 
Akhmanova,  2006).  In  this  issue, 
Sandblad et al. (2006) analyze how 
EB1 binds to microtubules.
Does  EB1  track  the  plus  end  by 
moving along  the growing microtu-
bule? The answer is no. The appear-
ance  of  EB1  tracking  the  microtu-
bule  plus  end  is  an  optical  illusion 
caused  by  the  constant  ability  of 
EB1 to bind to the microtubule plus 
end  despite  frequently  “falling  off” 
the microtubule. This phenomenon, 
called  treadmilling,  is  explained  by 
the higher affinity of EB1 for the plus 
end  compared  to  the  microtubule 
wall  (Tirnauer  et  al.,  2002).  How-
ever,  the  mechanisms  that  enable 
EB1  to  recognize  the  plus  ends  of 
growing microtubules remain poorly 
understood. From a structural point 
of  view,  it  is  not  clear what  unique 
feature  of  the  microtubule  recruits 
EB1  to  the plus  end. Several mod-figure 1. The structure of a Microtubule Decorated 
with eB1/Mal3p
During microtubule growth, protofilament sheets  roll up and 
close to form a tube. Microtubule-associated proteins such as 
EB1/Mal3p may help close up the microtubule by promoting 
the “zippering” of the microtubule at its seam. Sandblad et al. 
(2006) also propose that EB1 might bind to open protofilament 
structures near the plus end.els have been proposed,  for exam-
ple, binding of EB1 to  the GTP cap 
at  the  plus  ends  of  microtubules, 
binding  to  the  tubulin  heterodimer 
during  microtubule  polymerization, 
and  binding  to  the  plus  end  of  a 
microtubule  sheet.  However,  there 
has been little experimental data to 
distinguish among these models. To 
answer  the  question  of  where  EB1 
binds to the microtubule, Sandblad 
et  al.  (2006)  studied  Mal3p,  the 
yeast EB1 homolog, in complex with 
microtubules,  by  electron  micros-
copy (EM) and high-resolution metal 
shadowing.  They  report  that  this 
EB1  homolog  binds,  unexpectedly, 
to  the  so-called  “seam,” a peculiar 
structure in the microtubule wall.
What  is  the  microtubule  “seam”? 
Microtubules  are  hollow  polymers 
made  of  α-  and  β-tubulin.  The  αβ-
tubulin  heterodimer  is  considered 
the  building  block  of  microtubules 
because  these  two  subunits  are 
tightly  bound  to  each  other  and  do 
not  dissociate  under  physiological 
conditions.  In  microtubules,  tubulin 
dimers  are  aligned  longitudinally  to 
form  protofilaments  as  well  as  lat-
erally  in  a  helical  fashion  (Figure  1). 
However,  the helical pitch of  the  lat-
eral interaction is not designed to be 
“seamless.”  The  combination  of  the 
12  nm helical  pitch  and  8  nm  longi-
tudinal  repeat  between  dimers  on  a 
protofilament,  which  are  not  multi-
ples of each other, implies that a dis-
continuity  exists  in  the  microtubule 
wall  (Mandelkow  et  al.,  1986).  This 
discontinuity  was  directly  visualized Cell 127, December 2as  a  seam  by  quick-freeze 
deep-etch EM (Kikkawa et al., 
1994). It seems likely that such 
an  imperfect  structure  is  a 
weak point of the microtubule 
and,  in fact, Mandelkow et al. 
(1986)  observed  splitting  of 
the microtubule wall  presum-
ably at the seam.
According to the EM images 
by  Sandblad  et  al.  (2006), 
Mal3p molecules align within 
the groove of  the seam, as  if 
they  are  “zippering”  up  the 
seam. To support this idea, the 
authors performed biochemi-
cal  experiments  that  show that  Mal3p  stabilizes  microtubule 
protofilaments  that  have  closed  to 
form a tube and not protofilaments in 
an open sheet conformation. There-
fore, cells seem to use EB1 proteins 
to reinforce the microtubule seam.
This  study  leaves  open  questions 
about how EB1 tracks the plus ends 
of  microtubules,  given  that  native 
EB1  proteins  in  cells mainly  bind  to 
the plus end of the growing microtu-
bule. It remains to be shown whether 
EB1  binds  to  the  microtubule  plus 
end  by  the  same mechanism  that  it 
uses to bind to the microtubule seam. 
It  has  been  proposed  that  growing 
microtubules  form  as  protofilament 
sheets,  which  roll  up  and  close  to 
form a  tube; additionally,  recent evi-
dence suggests that sheet-like exten-
sions may coexist with loosely bound 
protofilaments  (Austin  et  al.,  2005). 
Based  on  their  own  data,  Sandblad 
et al.  (2006) propose that EB1 might 
bind to the loose protofilament struc-
tures near the plus end (see Figure 1). 
This idea may also imply that most of 
these binding sites become blocked 
upon tube closure, except possibly at 
the seam. To answer questions about 
the plus-end recognition mechanism 
by EB1, it will be important to observe 
the  actual  structure  of  the  microtu-
bule  plus  end  complexed  with  EB1 
or  its  homolog.  Although  technically 
challenging due to the small number 
and  nonuniform  structure  of  micro-
tubule plus ends in the images, such 
work may yield much-needed insight 
into  the  phenomenon  of  plus-end 
tracking.9, 2006 ©2006 Elsevier Inc.  1303
In  addition  to  +TIPs,  other  non-
classical MAPs are being identified. 
According  to  recent  studies  that 
analyzed microtubules in vivo using 
cryo-electron  tomography,  dense 
material  may  bind  to  the  inside  or 
become  part  of  microtubule  walls 
(Sui  and  Downing,  2006;  Nicas-
tro  et  al.,  2006;  Bouchet-Marquis 
et  al.,  2006).  The  actual  composi-
tion  of  this  dense  material  (which 
may  include new classes of MAPs) 
and its function are not fully under-
stood. Nonetheless,  it  is  becoming 
increasingly clear that microtubules 
provide  a  variety  of  diverse  inter-
faces  to MAPs. This might be evo-
lutionarily advantageous because a 
particular  mutation  of  tubulin  may 
favorably  change  its  interaction 1304  Cell 127, December 29, 2006 ©2006
Duchenne muscular dystrophy (DMD) 
is a devastating X-linked muscle dis-
ease  resulting  from  the  loss  of  the 
large  cytoskeletal  protein dystrophin. 
Affected  males  suffer  progressive 
muscle degeneration and typically die 
in  their  late  teens  or  early  twenties. 
No effective treatment is available but 
some therapeutic  interventions are  in 
clinical  trials,  including  viral  delivery 
of dystrophin and exon skipping using 
antisense oligonucleotides to replace 
defective  dystrophin  (Nowak  and 
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